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ABSTRACT
The extragalactic background light (EBL) is comprised of the cumulative radiation from all galaxies
and active galactic nuclei over the cosmic history. In addition to point sources, EBL also contains in-
formation from diffuse sources of radiation. The angular power spectra of the near-infrared intensities
could contain additional signals and a complete understanding of the nature of the IR background is
still lacking in the literature. Here we explore the constraints that can be placed on particle decays,
especially candidate dark matter models involving axions that trace dark matter halos of galaxies.
Axions with a mass around a few eV will decay via two photons with wavelengths in the near-IR band,
and will leave a signature in the IR background intensity power spectrum. Using recent power spectra
measurements from the Hubble Space Telescope (HST) and Cosmic Infrared Background Experiment
(CIBER), we find that the 0.6 to 1.6 micron power spectra can be explained by axions with masses
around 4 eV. The total axion abundance Ωa ≃ 0.05, and it is comparable to the baryon density of the
Universe. The suggested mean axion mass and abundance are not ruled out by existing cosmological
observations. Interestingly, the axion model with a mass distribution is preferred by the data, which
cannot be explained by the standard quantum chromodynamics (QCD) theory and needs further
discussion.
Subject headings: cosmology: theory - diffuse radiation - large-scale structure of Universe
1. INTRODUCTION
The extragalactic background light (EBL) from ul-
traviolet (UV) to far-infrared (far-IR) bands contains
the cumulative radiation emitted from all galaxies and
active galactic nuclei (AGNs) over the cosmic history.
There are two peaks on the EBL intensity spectrum
located at near-infrared and far-infrared bands, which
are expected to be contributed by direct emission from
stars in galaxies and re-emission from dust heated by
UV/optical photons, respectivel (Baldry & Glazebrook
2003; Fukugita & Peebles 2004; Franceschini et al. 2008;
Finke et al. 2010; Stecker et al. 2012; Inoue et al. 2013;
Gong et al. 2013). At near-IR wavelengths there is
a large discrepancy between measurements of absolute
EBL intensity and the expectations from models of
galaxy formation and evolution, in that the absolute
measurements are higher than the galaxy counts by at
least an order of magnitude at a wavelength around 1
µm. This difference is likely due to large systematic un-
certainties in the absolute measurements involving the
foreground contamination from Zodiacal light, and to a
lesser extent from our Galaxy (Hauser & Dwek 2001).
Instead of absolute intensity, the recent measure-
ments focus on the anisotropies of the background.
This is due to the fact that the foregrounds such
as Zodiacal light have smooth spatial distributions
and have a different correlation function than the
fluctuations generated by extragalactic signals. The
current measurements of the near-infrared intensity
fluctuations suggest an excess in the clustering sig-
nal at scales of a few arcminutes, relative to galaxy
clustering (Kashlinsky et al. 2005; Thompson et al.
2007; Kashlinsky et al. 2007; Matsumoto et al.
2011; Kashlinsky et al. 2012; Cooray et al. 2012a,b;
Zemcov et al. 2014). This has allowed new ideas in-
volving diffuse sources, such as intra-halo light (IHL)
(Cooray et al. 2012b; Zemcov et al. 2014), or direct
collapse blackholes (DCBHs) from very high redshifts
(Yue et al. 2013). The existing measurements and model
development is such that we still have room to explore
additional signals. Here we focus on the possibility
involving the decay products of axion particles that can
also be considered as a viable candidate for dark matter.
The axion is a hypothetical particle that was proposed
to solve the strong color parity (CP) problem (Weinberg
1978; Wilczek 1978). It is created during the breaking
of the Peccei-Ouinn (PQ) symmetry at an energy scale
that is yet to be determined experimentally, thus labeled
as fa hereafter (Peccei & Quinn 1977). It is also a viable
candidate for cold dark matter. Axions decay into two
photons with a lifetime that depends on the mass ma
and the coupling strength gaγγ (Ressell 1991). For ma .
10−2 eV, axion is non-thermal, and its lifetime is much
longer than the age of the Universe. In such a scenario
axions are totally invisible. On the other hand, for ma >
10−2 eV, axions can be produced by thermal mechanisms
in the early Universe (Turner 1987) and their presence is
detectable in the multi-eV window (Overduin & Wesson
2004).
In this paper we use axion-photon decay to interpret
the existing measurements of intensity power spectra at
optical to near-IR wavelengths. This in turn will con-
2strain the properties of the eV-mass axions, including
the allowed mass range and coupling strength to pho-
tons. Although the thermal axion is not as cold as non-
thermal axions, we assume here that they can and will
be captured by the gravitational potential well primarily
formed by another cold dark matter candidate, such as
a weakly interacting massive particles (WIMPs). These
halos are the locations of galaxies and galaxy clusters
(Kephart & Weiler 1987). The decay of axions in such
dark matter halos will lead to a signal that is similar
to IHL (Cooray et al. 2012b) in terms of the spatial
structure. The differences will be in the redshift evolu-
tion of the signal. The fluctuation signal is such that it
may explain the excess clustering that is seen in near-IR
anisotropy power spectrum.
To compare our model predictions with the data and
to constrain the overall model related to the presence of
axions, we make use of the latest intensity power spectra
measurements from the Hubble Space Telescope (HST)
and Cosmic Infrared Background Experiment (CIBER).
These measurements lead to EBL anisotropies in seven
optical and near-IR bands (five bands of HST and two
bands of CIBER) from 0.6 to 1.65 µm (Zemcov et al.
2014; Mitchell-Wynne et al. 2015). Our overall model
includes contributions from axion-photon decay, low-
redshift (z < 6), and high-redshift (z > 6) galaxies.
We assume that the suggested signals such as IHL and
DCBHs are zero for the purposes of obtaining the maxi-
mally allowed axion abundance. In reality, with such sig-
nals present, the actual axion abundance may be lower.
Given that we have large uncertainties on the exact level
of IHL and DCBH signals, we do not have a reliable
way to constrain the exact abundance here apart from
an upper limit. The upper limit, however, as we dis-
cuss below, is still lower than the total energy density of
dark matter suggesting that the axion of 4 eV mass scale
alone cannot explain the total cold dark matter content
of the universe. We make use of the Markov Chain Monte
Carlo (MCMC) method to model-fit the data and to ob-
tain constraints on the axion mass and coupling strength
with photons. We assume the flat ΛCDM model with
ΩM = 0.27, Ωb = 0.046, and h = 0.71 for the calculation
throughout the paper.
This paper is organized as follow: in Section 2, we
discuss the details of our calculation to derive the lu-
minosity, mean intensity, and angular power spectra of
axion-photon decay; In Section 3, we show power spec-
trum data from HST and CIBER observations we use,
and the details of the model we adopted in the MCMC
fitting process; We show the fitting results in Section 4
and give a summary and discussion in Section 5.
2. MEAN INTENSITY AND ANISOTROPIES OF AXION
DECAY
In this Section, we discuss the method that we use to
estimate the mean intensity and anisotropies from the
axion-photon decay. First, we need to estimate the lu-
minosity of axion decay in a halo with mass M . The
luminosity of a halo contributed by the axion-photon de-
cay is given by (Kephart & Weiler 1987)
La =
Mac
2
τa
, (1)
where Ma is the total axion mass in the halo, and we
assume the fraction of axion density in a halo is the same
as the mean fraction in the Universe1, which gives
Ma =
Ωa
ΩM
M. (2)
Here M is the total halo mass, Ωa = ρa/ρcrit,0 is the
present axion mean density parameter of the Universe,
and ρa and ρcrit,0 are the present axion mass density and
critical density of the Universe. The ΩM = Ωa+Ωc+Ωb
is the total matter density parameter, and Ωc and Ωb are
the mean density parameters for cold dark matter (e.g.
WIMPs) and baryons, respectively. Since the axion mass
range we consider is effectively thermally cold, its energy
density evolves as (1 + z)3 which is the same as the cold
dark matter and Eq. (2) is accurate for all redshifts.
For axions with mass greater than ∼ 10−2 eV, they are
produced thermally and are in thermal equilibrium with
the other particle species in the early Universe (Turner
1990). These thermal axions decouple when they are still
relativistic and their comoving number density is effec-
tively “frozen in” during the subsequent evolution of the
universe (Turner 1990). Thus, the present-day density
parameter of thermal axions Ωa can be obtained by solv-
ing the Boltzmann equation. If the number of relativistic
degrees of freedom when axions “froze out” is around 15,
Ωa is given by (Turner 1990; Overduin & Wesson 2004)
Ωa = 5.2× 10−3h−2 ma
eV
, (3)
where ma is the axion particle mass in eV, and h =
H0/(100 km s
−1Mpc−1) whereH0 is the Hubble constant
today. We can find an upper limit for ma using Eq.(3)
and assuming axions contribute all the dark mater den-
sity such that Ωa = ΩM − Ωb. This gives ma . 22 eV.
In Eq.(1), τa is the axion lifetime for the process of an
axion decaying to a photon pair and is given by (Ressell
1991)
τa = (6.8× 1024 s)
(ma
eV
)−5
ζ−2, (4)
where ζ = |E/N − 1.95|/0.72 is the normalized coupling
constant. Here E and N are the values of the electro-
magnetic anomaly and color anomaly of PQ symmetry,
respectively. We have ζ = 1 for the simplest unified mod-
els of strong and electroweak interactions (Ressell 1991).
The ζ is proportional to axion-photon coupling strength
gaγγ, and the relation is
gaγγ = 0.72 ζ
αf
2πfa
. (5)
Here αf = 1/137 is the fine-structure constant, and
fa = fPQ/N = 6.2 × 106/(ma/eV) GeV where fPQ is
the energy scale at which axions are created when U(1)
PQ symmetry breaks down (Ressell 1991). In princi-
ple, ζ can be much smaller than 1 and can even vanish
completely in some stable axion models (Kaplan 1985;
1 We notice that, according to the generalized Tremaine-Gunn
bound (Madsen 1990, 1991; Ressell 1991), the axion density is sub-
ject to the phase-space limits which can lead to smaller axion frac-
tion in galaxy-mass halos than the mean fraction in the Universe.
We find this suppression effect would not significantly affect our
results, since the main contribution of axion-photon decay is from
cluster-mass halos.
3Ressell 1991; Overduin & Wesson 2004). Here we take
0 < ζ ≤ 1 as a prior range in our model fits described
later. In Eq. (4), we find ma ≃ 27.5 eV if ζ = 1 and
the age of the Universe tuniv ≃ 4.33× 1017s as the axion
lifetime. Of course, ma can be much smaller if τa is much
larger than tuniv.
From Eq.(1)-(4), the luminosity contributed by the
axion-photon decay in a halo with mass M is
La(M) = 2.6× 10−6
(ma
eV
)6
ζ2
M
M⊙
L⊙. (6)
Hence, approximately, axions with mass around 10
eV with ζ ≃ 0.1 can provide a luminosity compa-
rable to the galaxy emission in a halo, leading to
La ∼ 10−2(M/M⊙)L⊙ or mass-to-light ratios of 100
(Kephart & Weiler 1987). We also note that, according
to Eq. (6), ma and ζ are not sensitive to the fraction of
axion in dark matter halos. This is because La is pro-
portional to the axion fraction in halos from Eq. (1) and
Eq. (2), and we have La ∼ m6aζ2 which indicates that
ma ∼ L1/6a and ζ ∼ L1/2a . With such low dependency,
ma and ζ are mostly independent of axion fraction.
Here, instead of a single mass for axions, we also con-
sider a mass distribution. Inspired by the string theory
(e.g. Svrcek & Witten 2006; Arvanitaki et al. 2010) and
experiments of high energy physics, we assume a general
form of axion mass distribution as
P (ma) =
α
m0
1
Γ(1 + 1α )
(
ma
m0
)α
exp
[
−
(
ma
m0
)α]
, (7)
where m0 and α are free parameters, and Γ(x) is the
Gamma function. Note that this form is phenomenal,
and our purpose is to derive the mass distribution from
the observational data and minimize theoretical assump-
tions. We find this form is good enough for the con-
straints, and more general forms with more free param-
eters would not change the results. The mean mass of
axion particles, under such a distribution, is
m¯a =
∫
maP (ma)dma. (8)
In this case, we calculate Ωa and mean axion lifetime τ¯a
by replacing ma with m¯a in Eqs. (3) and (4).
To estimate the mean intensity of axion-photon decay
at different wavelengths, we also need spectral energy dis-
tribution (SED) of the decay photons. Since each photon
in the decay photon pair has the same energy 12mac
2, the
wavelength of each decay photon should be
λa =
hpc
1
2mac
2
≃ 2.48
ma/eV
µm, (9)
where hp is the Planck constant. This wavelength is
around near infrared and optical bands when 1 . ma .
10 eV, which is the mass range of the axions that we will
be interested in this paper.
For the case of a single axion mass, following Ressell
(1991) and Overduin & Wesson (2004), we use a Gaus-
sian rest-frame SED to consider axions bounded in the
galaxy cluster halo
F (λ) =
1√
2πσλ
exp
[
−1
2
(
λ− λa
σλ
)2]
, (10)
where σλ = 2(va/c)λa is the standard deviation, which
can be derived from the velocity dispersion of the axions
va in the halo. Note that va is as a function of halo
mass M , and we assume va(M) ∼
√
M according to
the general relation of velocity dispersion and halo mass.
However, we find the intensity spectrum of axion-photon
decay is insensitive to the value of va unless va is close
to 104 km s−1. This is because the velocity dispersions
for galaxies or galaxy clusters always provide relatively
small σλ, and this results in narrow SED profiles and
makes Eq. (10) approach a delta function. For instance,
for large galaxy clusters with a mass of 1015 M⊙, we have
va = 1300 km s
−1 which leads to σλ ≃ 220A˚/(ma/eV)
(Ressell 1991; Overduin & Wesson 2004). In the near-
IR band with λ ∼ O(1) µm, this σλ is about two or-
ders of magnitude smaller than λ with ma ∼ O(1) eV,
and it would be smaller for galaxy clusters with smaller
masses. Hence, for simplicity and considering the accu-
racy and efficiency of our calculation (especially in the
MCMC process), we adopt an uniform va for all halo
masses. Our results with this assumption is identical to
that with va(M) for the accuracy required in this work.
For the case with an axion mass distribution, we find
F (λ) = P (λ), (11)
where P (λ) is the normalized probability distribution for
the wavelength λ = λa, which can be derived from P (ma)
and λa(ma) given by Eqs. (7) and (9). Note that we
do not consider the velocity dispersion effect given by
Eq. (10) for the case involving an axion mass distribu-
tion, since the dispersion at each halo mass is negligible
compared to the dispersion coming from P (λ) which has
a much wider wavelength distribution.
Then the luminosity of axion decay at λ is given by
La,λ = LaF (λ) = La(M)F [λ0/(1 + z)], (12)
where λ0 is the observed wavelength at z = 0. Now we
can estimate the comoving emissivity of axion-photon
decay by
j¯λ(z) =
1
4π
∫
dM
dn
dM
La,λ(M, z). (13)
Here dn/dM(M, z) is the halo mass function (Cooray &
Sheth 2002). The mean intensity of axion-photon decay
at observed wavelength λ0 is given by
Iλ(λ0) =
∫ zmax
0
c dz
H(z)(1 + z)3
j¯λ(z), (14)
where H(z) is the Hubble parameter, and we assume the
flat ΛCDM model with H(z) =
√
ΩM (1 + z)3 +ΩΛ and
ΩΛ = 1−ΩM . The zmax is the maximum redshift we con-
sider, and we take zmax = 30 here. Note that in the case
of a single axion mass, Iλ at different wavelengths origi-
nates from different redshifts, since the SED has a Gaus-
sian profile with relatively small σλ. Since structure at
different redshift intervals are mainly uncorrelated, this
suggests that the cross-correlation between intensity fluc-
tuations at different wavelengths will be zero, contrary
to the observations. Our motivation for using a mass
distribution is exactly because of this reason: in order to
preserve the observed cross-correlations between bands
4from 0.6 to 1.6 µm we must allow different axion masses
to contribute at the same redshift.
The 1-halo and 2-halo terms of the angular cross power
spectrum for axion-photon decay at observed wave-
lengths λ0 and λ
′
0 can be evaluated by
C
λ0λ
′
0
ℓ,1h =
1
(4π)2
∫
dz
(
dχ
dz
)(
a
χ
)2
×
∫
dM
dn
dM
u2(k|M, z)La,λLa,λ′ , (15)
C
λ0λ
′
0
ℓ,2h =
1
(4π)2
∫
dz
(
dχ
dz
)(
a
χ
)2
Plin(k, z)
×
∫
dM
dn
dM
b(M, z)u(k|M, z)La,λ
×
∫
dM
dn
dM
b(M, z)u(k|M, z)La,λ′. (16)
Here χ is the comoving distance, a = 1/(1+z) is the scale
factor, b(M, z) is the halo bias, and Plin(k, z) is the linear
power spectrum with k = ℓ/χ (Cooray & Sheth 2002).
The u(k|M, z) is the Fourier transform of axion density
profile in a halo, and we assume it follows the Navarro-
Frenk-White (NFW) profile (Navarro et al. 1997). The
total angular cross power spectrum for λ0 and λ
′
0 is then
given by
C
λ0λ
′
0
ℓ = C
λ0λ
′
0
ℓ,1h + C
λ0λ
′
0
ℓ,2h . (17)
Then we use Cℓ = λ0λ
′
0C
λ0λ
′
0
ℓ to fit the data from the ob-
servations as we show in the next section. We notice that
the free-streaming effect of axion can suppress the angu-
lar power spectrum at small scales (e.g. Hannestad et al.
2005, 2010; Grin et al. 2008), but we find this effect
would not change our constraints on ma and ζ signifi-
cantly for ma < 5.5 eV. Hence, we ignore this effect in
the data-fitting process for simplicity.
3. MODEL CONSTRAINT
We primarily make use of two datasets in our fit-
ting process. First is from the HST observations in
five optical and near-IR bands centered at 0.606, 0.775,
0.850, 1.25 and 1.6 µm. The dataset is obtained by the
Wide Field Camera 3 (WFC3) and Advanced Camera
for Surveys (ACS), and it covers 120 square arcmin-
utes in the Great Observatories Origins Deep Survey
(GOODS) (Mitchell-Wynne et al. 2015). The second is
from CIBER, a rocket-borne instrument that was de-
signed for measuring the spatial and spectral proper-
ties of the EBL, with fluctuation measurements in two
near-IR bands centered at 1.1 and 1.6 µm. The CIBER
data are from two flights in 2010 and 2012, using two
11-cm telescopes each with a four square degree field
of view (Zemcov et al. 2014). We also included fluctu-
ation data from Spitzer observations at 3.6 µm given by
Cooray et al. (2012b), but found that cannot fit those
measurements around ℓ = 3× 103 with an adequate chi-
square value, especially for an axion model involving a
single mass. We give details and a discussion related to
Spitzer model fits in the Appendix.
In order to fit the HST data, we consider four com-
ponents including the axion decay model, the shot-noise
term, the signal from high-z faint galaxies during the
epoch of reionization (EoR), and a power-law compo-
nent that accounts for Galactic foregrounds, such as dif-
fuse Galactic light (DGL). At small scales, the shot-
noise dominates the power spectrum. Since it is scale-
independent, its angular power spectrum is given by
Cshotℓ = Ashot, (18)
where Ashot is the shot-noise amplitude factor, which is a
constant for a given observed wavelength. Note that we
do not consider the contribution of low-redshift galaxies
to HST measurements, since it just contributes to the
shot-noise term at multipole moments of ℓ > 2 × 103
and can be treated as shot-noise in these angular scales
(Helgason et al. 2012).
For the HST bands centered at 1.25 and 1.6 µm, the
signal from high-z faint galaxies can be an important
component for the total signal. The bands of 1.25 and
1.6 µm can cover the high-z signal from 8 . z . 10.5 and
10.5 . z . 13, respectively. We adopt an analytic model
given by Cooray et al. (2012a) to estimate the angular
power spectrum of the high-z galaxies. This model can
provide the mean intensity and angular power spectra at
different wavelengths with a few parameters, such as the
star formation rate density (SFRD), the escape fraction
of ionizing photons, and star formation efficiency. This
model is also consistent with the observations of reion-
ization history, optical depth of electron scattering and
UV luminosity functions at high redshifts (Cooray et al.
2012a). However, as claimed by Cooray et al. (2012a),
this high-z model cannot explain the anisotropies of nea-
IR EBL since the amplitudes of high-z galaxy power spec-
tra are at least two orders of magnitude smaller than
the observations, and we need the other components to
match the data. Here we add an amplitude factor in the
model, and we have
Chigh−zℓ = Ahigh−zC
high−z
ℓ,model, (19)
where Ahigh−z is the amplitude factor which can be con-
strained by the data, and Chigh−zℓ,model is the high-z power
spectrum from Cooray et al. (2012a). The detection of
Ahigh−z from the HST data and the resulting implica-
tions in terms of the reionization model are discussed in
Mitchell-Wynne et al. (2015).
At large scales, the angular power spectrum is domi-
nated by Cfℓ for foregrounds. We find it can be described
by
Cfℓ = Afℓ
−3, (20)
where Af is the amplitude factor for the foregrounds
which can be fitted by the data. One possible and dom-
inant component in Cfℓ could be DGL, since the DGL
term is proportional to ∼ ℓ−3 as shown in Zemcov et al.
(2014) and Mitchell-Wynne et al. (2015).
Therefore, the model we use to fit the HST data at
1.25 and 1.6 µm is
CHSTℓ = C
axion
ℓ + C
shot
ℓ + C
high−z
ℓ + C
f
ℓ . (21)
For the HST bands of 0.606, 0.775 and 0.850 µm, there is
almost no high-z signal received (Mitchell-Wynne et al.
2015), so we fit the data by
CHSTℓ = C
axion
ℓ + C
shot
ℓ + C
f
ℓ . (22)
5Fig. 1.— The best-fit axion decay models for HST and CIBER anisotropy power spectra for the case with a mass distribution for axions
given by Eq. (7). The solid, dashed and dash-dotted curves are the total, axion and high-z power spectra, respectively. The shot-noise
and Cf
ℓ
are shown in blue dotted lines for 0.606 µm and 1.6 µm as an example (we do not show them for other bands for clarity, but those
terms are included in model fits).The long dashed curves are the low-z power spectra from low-z galaxies for the CIBER data. Top: The
fitting results with free Cf
ℓ
for all bands. Bottom: The fitting results with CIBER CDGL
ℓ
, that is the foreground at large angular scales is
the maximum allowed given the cross-correlation results between CIBER and IRAS (Zemcov et al. 2014), for 1.1, 1.25 and 1.6 µm. The
fitting results for the case of single axion mass are quite similar.
6For the CIBER data at 1.1 and 1.6 µm, following
Zemcov et al. (2014), we include the model of low-z
residual galaxies given by Helgason et al. (2012) to cal-
culate the low-z contribution for the CIBER data. This
is due to the relatively shallow depth of the foreground
mask in CIBER measurements relative to HST fluctu-
ations. The shallow depth is such that the clustering
of residual galaxies make an appreciable contribution to
CIBER fluctuations. Then, we fit the CIBER data by
CCIBERℓ = C
axion
ℓ + C
high−z
ℓ + C
low−z
ℓ + C
f
ℓ . (23)
The C low−zℓ model is derived from the near-IR luminos-
ity function at different bands. We add a scale factor
flow−z in the model to vary the low-z angular power
spectrum C low−zℓ in 1-σ uncertainty, which means that
flow−z = 0, 1 and 0.5 are for 1-σ lower, upper and center
values of C low−zℓ , respectively. Note that the shot-noise
term already has been included in C low−zℓ (Zemcov et al.
2014). We use the same HST Chigh−zℓ and C
f
ℓ at 1.25 and
1.6 µm to fit the CIBER Chigh−zℓ and C
f
ℓ at 1.1 and 1.6
µm, respectively, since these two HST bands have similar
bandwidths with the two CIBER bands. This could help
us to fit the two terms, given that the HST and CIBER
data have different scale coverages from ℓ = 3 × 102 to
106. Note that the Cfℓ is fixed to be the upper limit
of DGL power spectra CDGLℓ at 1.1 and 1.6 µm, mea-
sured in terms of the cross-correlation between CIBER
and IRAS in Zemcov et al. (2014). In order to investi-
gate this effect on the constraints of axion properties, we
also explore the case with Cfℓ fixed to be CIBER C
DGL
ℓ
at 1.1 and 1.6 µm. As we can see in the next section,
the fitting results with CIBER CDGLℓ are similar to that
with free Cfℓ for the case of a single axion mass, and are
consistent within 2-σ C.L. for the case with an axion
mass distribution, although the χ2min of the fixed CIBER
CDGLℓ case is much larger than that of the free C
f
ℓ case.
In the model fitting process, we employ the Markov
Chain Monte Carlo (MCMC) method to constrain the
free parameters in the model. The Metropolis-Hastings
algorithm is adopted to determine the probability of the
acceptance of a new chain point (Metropolis et al. 1953;
Hastings 1970). The likelihood function can be estimated
by L ∝ exp(−χ2/2), and χ2 is given by
χ2 =
Nd∑
i=1
(Cobsℓ − Cthℓ )2
σ2ℓ
, (24)
where Nd is the number of data points, C
obs
ℓ and C
th
ℓ are
the angular power spectra from observational data and
theory respectively, and σℓ is the error of the data at ℓ.
In this work, we have the total χ2 = χ2HST + χ
2
CIBER.
We assume the free parameters follow the flat prior
probability distribution. For the case with a single axion
mass, we assume ma ∈ (0, 20), and we set m0 ∈ (0, 20)
and α ∈ (0, 5) for the case with an axion mass distri-
bution. The other parameters and their ranges are as
follow: ζ ∈ (0, 1), log10Ahigh−z ∈ (−4, 7), flow−z ∈ (0, 1).
The factors of Af and C
shot
ℓ for five HST bands are also
set as free parameters in our fitting process with the same
ranges shown in Mitchell-Wynne et al. (2015). We gen-
erate twenty parallel MCMC chains, and about 100,000
Fig. 2.— The axion mass distributions P (ma) with the best-fit
values of m0 and α. The blue solid line denotes the P (ma) with
m0 = 3.82 and α = 1.67 for the case of free Cfℓ , and the blue
dashed line shows the result with m0 = 3.21 and α = 1.66 for the
case of CIBER CDGL
ℓ
.
chain points for each chain are collected after the conver-
gence. We then merge all chains together and thin them
to obtain about 10,000 points to illustrate the proba-
bility distribution functions (PDFs) of the free parame-
ters. The details of our MCMC method can be found in
Gong & Chen (2007).
4. RESULTS
In Figure 1, we show our best-fit results of the HST and
CIBER data for the case with an axion mass distribution.
The results for the case of a single axion mass are quite
similar. The solid, dashed and dash-dotted curves are
the total, axion and high-z power spectra, respectively.
The shot-noise term and Cfℓ component are also shown
for 0.606 µm as blue dotted lines as an example. The long
dashed curves are the low-z power spectra for the CIBER
data at 1.1 and 1.6 µm. For 0.606, 0.775 and 0.850 µm,
the anisotropies of axion emission (1-halo term) domi-
nate the angular power spectra at 104 < ℓ < 2 × 105,
while the high-z power spectra (1-halo term) contribute
significantly to the power spectrum in the 1.25 and 1.6
µm bands at these scales, especially around ℓ = 105. At
the smaller (ℓ > 2× 105) and larger scales (ℓ < 104), the
angular power spectra are dominated by the shot-noise
and Cfℓ , respectively.
For 1.1, 1.25 and 1.6 µm, we find the model with free
Cfℓ can fit the HST and CIBER data well with the χ
2
min =
264.5 and reduced χ2 = 2.9. On the other hand, we find
χ2min = 617.3 and the reduced χ
2 = 6.6 for the case
where we set Cfℓ = C
DGL
ℓ , that is the residual foreground
which is the maximum level allowed by the CIBER cross-
correlation with IRAS maps as described in Zemcov et al.
(2014). For the case of a single axion mass, the results
are similar, and we find χ2min = 289.2 and the reduced
χ2 = 3.1 for free Cfℓ , and χ
2
min = 705.0 and reduced
7TABLE 1
The best-fit values and 1-σ errors of the free parameters in the models for the cases with an axion mass distribution and
for a single mass with free Cf
ℓ
for all bands and CIBER CDGL
ℓ
for 1.1, 1.25 and 1.6 µm.
Parameter free Cf
ℓ
[P (ma)] CIBER CDGLℓ [P (ma)] free C
f
ℓ
(ma) CIBER CDGLℓ (ma)
m0 3.82
+0.21
−0.20 3.21
+0.08
−0.07 − −
α 1.67+0.47
−0.51 1.66
+0.21
−0.11 − −
m¯a or ma (eV) 4.39
+0.18
−0.18 3.91
+0.12
−0.10 4.83
+0.16
−0.14 5.03
+0.10
−0.35
ζ 0.14+0.02
−0.05 0.29
+0.02
−0.03 0.021
+0.003
−0.004 0.019
+0.003
−0.001
log10(Ahigh−z) 1.11
+0.24
−0.31 1.23
+0.14
−0.21 1.28
+0.18
−0.22 1.56
+0.09
−0.10
flow−z 0.47
+0.03
−0.03 0.52
+0.03
−0.03 0.47
+0.03
−0.03 0.52
+0.03
−0.03
A0.606
f
1.21+0.23
−0.22 × 10
3 1.41+0.07
−0.06 × 10
3 7.66+5.06
−1.01 × 10
2 1.06+0.19
−0.22 × 10
3
A0.775
f
2.28+0.45
−0.62 × 10
3 1.72+0.19
−0.15 × 10
3 2.67+0.24
−0.24 × 10
3 2.75+0.30
−0.30 × 10
3
A0.850
f
2.20+0.31
−0.41 × 10
3 1.02+0.29
−0.27 × 10
3 3.09+0.26
−0.45 × 10
3 3.04+0.27
−0.28 × 10
3
A1.1&1.25
f
4.79+0.39
−0.40 × 10
4 2.40× 103 4.24+0.96
−1.19 × 10
4 2.40× 103
A1.6
f
3.65+0.34
−0.34 × 10
4 1.28× 103 3.67+0.50
−0.43 × 10
4 1.28× 103
C0.606
ℓ,shot
[(nW/m)2sr−1] 3.44+0.11
−0.11 × 10
−12 3.22+0.09
−0.09 × 10
−12 3.12+0.45
−0.18 × 10
−12 3.30+0.17
−0.16 × 10
−12
C0.775
ℓ,shot
[(nW/m)2sr−1] 4.66+0.57
−0.34 × 10
−12 4.41+0.18
−0.19 × 10
−12 4.90+0.20
−0.30 × 10
−12 4.88+0.36
−0.35 × 10
−12
C0.850
ℓ,shot
[(nW/m)2sr−1] 8.56+0.37
−0.35 × 10
−12 8.81+0.27
−0.33 × 10
−12 8.70+0.38
−0.68 × 10
−12 8.84+0.49
−0.71 × 10
−12
C1.25
ℓ,shot
[(nW/m)2sr−1] 7.72+0.19
−0.22 × 10
−11 7.93+0.19
−0.18 × 10
−11 7.77+0.21
−0.21 × 10
−11 7.34+0.23
−0.31 × 10
−11
C1.6
ℓ,shot
[(nW/m)2sr−1] 7.58+0.10
−0.10 × 10
−11 7.67+0.08
−0.09 × 10
−11 7.61+0.13
−0.13 × 10
−11 7.56+0.10
−0.11 × 10
−11
χ2min 264.5 617.3 289.2 705.0
χ2
red
(χ2min/dof) 2.9 6.6 3.1 7.5
χ2 = 8.0 for CIBER CDGLℓ . This indicates that there
should be the other additional components, besides the
measured CIBER CDGLℓ , that contribute to this part of
power spectrum.
The best-fit values and 1-σ errors of all free parameters
in our models for all cases are shown in Table 1. For the
case of a single axion mass, we find the fitting results
of the cases with free Cfℓ and CIBER C
DGL
ℓ are quite
similar with each other. The allowed parameter ranges of
the axion model are consistent within 1-σ confidence level
(C.L.), although the χ2min are much different between the
two cases.
For the case of an axion mass distribution, we show the
P (ma) with the best-fit values of m0 and α in Figure 2.
The blue solid and dashed lines are for the cases of free Cfℓ
and CIBER CDGLℓ , respectively. We find they have the
similar shapes with the peaks located around 3.5 eV and
wide distributions extending beyond 10 eV. The mean
axion mass from these two P (ma) are m¯a = 4.45 and
3.90 for the free Cfℓ case and the CIBER C
DGL
ℓ case,
respectively. Also, we derive the probability distribution
for the mean axion mass m¯a from the MCMC chains
by integrating over the P (ma) calculated by each chain
point with m0 and ζ. We show the 2-D contour maps
of m¯a vs. ζ for both the cases of free C
f
ℓ and CIBER
CDGLℓ in Figure 3. The 1-D marginalized PDFs for m¯a
and ζ are also shown in blue curves. We find that the
constraint results for these two cases are different but
consistent within 2-σ C.L., and the best-fit values and 1-
σ errors are m¯a = 4.39
+0.18
−0.18 and ζ = 0.14
+0.02
−0.05 for the free
Cfℓ case, and m¯a = 3.91
+0.12
−0.10 and ζ = 0.29
+0.02
−0.03 for the
CIBER CDGLℓ . These values are also in a good agreement
with the values of m¯a derived from the P (ma) shown in
Figure 2, which are obtained by the best-fit values of m0
and α.
Also, we find our fitting results of Ahigh−z,
Fig. 3.— The contour maps of the mean axion mass m¯a and
the axion-photon coupling factor ζ. The solid filled and dotted
contours denote 1-σ (68.3%) and 2-σ (95.5%) C.L. of the constraint
results for the cases of free Cf
ℓ
and CIBER CDGL
ℓ
, respectively. The
corresponding 1-D marginalized PDFs of m¯a and ζ are also shown
in blue curves.
flow−z, Af and C
shot
ℓ are similar to the results of
Mitchell-Wynne et al. (2015). The axion decay model
can explain the EBL fluctuation as equally well as the in-
trahalo light (IHL) model by comparing the χ2minwith the
IHL model, especially for the free Cfℓ case (Zemcov et al.
2014; Mitchell-Wynne et al. 2015). Just based on a sta-
tistical comparison of the data and model fits, we cannot
8Fig. 4.— The axion-photon decay intensity spectrum with the
best-fits of ma, m0, α and ζ. The blue and red curves denote
the λIλ for axion mass distribution and single mass cases, respec-
tively. The solid and dashed curves are for the free Cf
ℓ
case and
the CIBER CDGL
ℓ
, respectively. The shaded regions are the 1σ
uncertainties for the relevant curves. For comparison, we show
a subset of the absolute intensity measurements from the litera-
ture (Overduin & Wesson 2004). The total intensity of the axion
model is at most 1 nW m−2 sr−1, which is roughly a factor of
10-20 smaller than the total galaxy contribution.
distinguish between the scenarios involving IHL and ax-
ion decays to explain the clustering excess seen in the
intensity fluctuations of the IR background.
In Figure 4, by using Eq. (14), we calculate the mean
intensity spectra of the axion-photon decay with the
best-fit values of m0, α, ma and ζ for the axion mass
distribution case (blue curves) and single mass case (red
curves). The solid and dashed curves are for the free
Cfℓ case and the CIBER C
DGL
ℓ case, respectively. The
shaded regions denote the 1-σ uncertainties for corre-
sponding curves. The observed data are also shown for
comparison (Overduin & Wesson 2004). As can be seen,
the intensity spectra of the free Cfℓ and CIBER C
DGL
ℓ
cases are consistent within 1-σ C.L., although the fitting
results of m0 and α are not in very good agreement for
these two cases (see Table 1). We find that our best-fit
mean intensity spectra are much smaller than the mea-
surements, by two orders magnitude at least. On one
hand, the observed data can be overestimated by under-
estimating the mean intensity of the foreground contam-
ination from Galactic diffuse light and zodiacal light. On
the other hand, it indicates that the axion-photon decay
only cannot provide enough intensity on the total near-
IR intensity, although it could offer good interpretation
for the excess of the near-IR anisotropies. The main con-
tribution of the near-IR mean intensity might come from
the low-redshift (z < 6) galaxy emission (e.g. Gong et
al. 2013).
We also compare our results with the other mea-
surements and estimations in Figure 5. In the left
panel, we show the ma vs. gaγγ diagram with ex-
cluded regions from different measurements, such as
the constrains from the evolution of horizontal branch
stars (HB), the duration of neutrino pulse of SN 1987a,
big bang nucleosynthesis (BBN), cosmic microwave
background (CMB), mean EBL intensity, dark matter
(DM), X-rays, and optical observations (Grin et al. 2007;
Cadamuro & Redondo 2012). We also show the bound
from cosmological constraints given by the axion smooth
effects on the power spectra of CMB and LSS (as a
gray vertical line with an arrow) (Hannestad et al. 2010).
This bound excludes ma & 1 eV along the KSVZ model
(yellow region). In the right panel, the ma vs. Trh with
excluded regions are shown (Grin et al. 2008). Here Trh
is the reheating temperature. The higher blue hatched
region is excluded by the constraint Ωah
2 < 0.135 as-
suming all dark matter is composed of axions. The lower
green region shows the constraints from WMAP1 and
SDSS data.
We show our best-fit models in blue and red stars to
denote the cases of axion mass distribution and single
mass cases, respectively. The results of the free Cfℓ case
and CIBER CDGLℓ case are shown by solid and dotted
stars, respectively. In comparison, we convert the best-
fits of ma (or m¯a) and ζ to gaγγ using Eq. (5), and esti-
mate Trh via the relation of Ωa-Trh given by Grin et al.
(2008), with Ωa obtained by Eq. (3) using the best-fit
of ma or m¯a. As can be seen, the results of the single
axion mass case are consistent with all current measure-
ments. For the case of an axion mass distribution, the
results stay safely outside the excluded regions of ma vs.
Trh, but they have some tensions with the HB stars and
optical observations. Fortunately, however, we find the
constraint result of the free Cfℓ case with m¯a . 4 eV is
still consistent with the other observations (see the filled
contours in Figure 3), while the result of the CIBER
CDGLℓ case (blue dotted star) is almost discarded by evo-
lution of HB stars and LSS observations. Also, we need
to note that the reheating temperature Trh required by
our model is only about 40 MeV, which is available in the
low-temperature-reheating scenario (Grin et al. 2008), it
is however lower than most of theoretical expectations
that are based on Big Bang nucleosynthesis constraints.
5. SUMMARY AND DISCUSSION
In this paper, we discuss the axion-photon decay
as a potential origin of the anisotropy of the near-
IR intensity fluctuations. According to the theo-
retical prediction, the axion particle can decay into
two photons with wavelengths in optical and near-
IR bands if the axion mass is within ∼ 1 − 10 eV.
This provides a possible solution for the excess of the
clustered anisotropies at near-IR wavelengths as seen
in measurements from Spitzer, CIBER, Hubble and
AKARI (Kashlinsky et al. 2005, 2007; Matsumoto et al.
2011; Kashlinsky et al. 2012; Cooray et al. 2012b;
Zemcov et al. 2014; Mitchell-Wynne et al. 2015). We
calculate the luminosity of the axion decay at wavelength
λ in dark matter halos with mass M , and assume the
single axion mass case and the mass distribution case
in the estimation. With the help of the halo model, we
estimate the mean intensity spectrum and the angular
power spectrum for the axion-photon decay.
In order to compare with the observational measure-
ments on the anisotropy power spectrum, we adopt the
9Fig. 5.— The comparisons of our best-fit axion model with the other measurements and estimations. Our best-fit axion models are shown
in stars. The blue and red stars are for the axion mass distribution case and single mass case, respectively. The solid and dotted stars
denote the free Cf
ℓ
case and the CIBER CDGL
ℓ
case, respectively. Left panel: the ma vs. gaγγ diagram with the excluded regions from
different measurements (Grin et al. 2007; Hannestad et al. 2010; Cadamuro & Redondo 2012). Right panel: the ma vs. Trh diagram with
the excluded regions given by Grin et al. (2008).
MCMCmethod to fit our axion model with the data from
all seven near-IR bands of HST and CIBER. We find our
models for axion decay can fit the data with equal statis-
tical accuracy as the existing IHL model (Cooray et al.
2012b; Zemcov et al. 2014). The best-fits of the axion
mass and photon coupling constant are ma = 4.83 eV
and ζ = 0.02 for the single mass case, and the mean
axion mass m¯a = 4.39 and ζ = 0.14 for the case where
we invoke a mass distribution. The single mass case,
however, is ruled out by the lack of cross-correlation of
fluctuations between different wavelengths and the pre-
ferred model involves an axion mass distribution follow-
ing Eq. (7) with parameters given by the best-fit model.
We also compare the total mean intensity spectra of the
axion decay and find that the axion decay is producing
at most a 1 nW m−2 sr−1, despite explaining the fluctu-
ation measurements with HST and CIBER. Finally, we
compare the best-fit values of ma (or m¯a) and ζ with
the bounds given by different measurements and estima-
tions, and find our models basically are not conflicting
with these bounds, although there are some tensions be-
tween the constraints from the axion mass distribution
case and the HB stellar evolution and optical observa-
tions. Therefore, our model can provide reasonable con-
straints on the axion properties, and can offer a possible
explanation on the excess of anisotropies of the near-IR
EBL.
We should also note that, beside the axion-photon de-
cay, there are other possible models to explain the ex-
cess of the anisotropies of the near-IR EBL, such as the
IHL from diffuse stars in dark matter halos (Cooray et al.
2012b; Zemcov et al. 2014) and DCBHs formed at early
Universe (Yue et al. 2013). Hence, the constraints of the
axion mass given in this work should be taken as an
upper limit, since we assume the axion decay alone to
provide the contribution to the EBL power spectra with-
out considering the contributions from the models men-
tioned above. The axion mass and coupling strength can
be smaller if including other possible signals.
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APPENDIX
Besides the data from HST and CIBER discussed in the main paper, we also include the data from Spitzer fluctuation
measurements at 3.6 µm given by Cooray et al. (2012b) to perform a joint model fit with HST and CIBER. We take
the similar model as the HST case to calculate the angular power spectrum CSpitzerℓ at 3.6 µm such that
CSpitzerℓ = C
axion
ℓ + C
shot
ℓ + C
high−z
ℓ + C
f
ℓ . (1)
We use the same axion and high-z faint galaxy model for all three datasets to estimate Caxionℓ and C
high−z
ℓ , and use
two parameters A3.6shot and A
3.6
f to estimate C
shot
ℓ and C
f
ℓ for Spitzer data, respectively.
Fig. 6.— The fitting results after including the data from Spitzer at 3.6 µm for the axion mass distribution case. The gray solid, dashed
and dash-dotted curves are the total, axion decay and high-z galaxy power spectra at 3.6 µm, respectively.
In Figure 6, we show the fitting results for all there datasets including Spitzer at 3.6 µm for the case involving an
axion mass distribution. The gray solid, dashed and dash-dotted curves are the best-fit results for the total, axion decay
11
TABLE 2
The best-fit values and 1-σ errors of the free parameters in the model for the axion mass distribution case with HST,
CIBER and Spitzer data.
Parameter free Cf
ℓ
[P (ma)]
m0 4.40
+0.21
−0.22
α 3.10+0.51
−0.66
m¯a 4.53
+0.29
−0.30
ζ 0.09+0.01
−0.01
log10(Ahigh−z) 1.62
+0.14
−0.16
flow−z 0.47
+0.05
−0.04
A0.606
f
1.42+0.24
−0.22 × 10
3
A0.775
f
2.30+0.31
−0.35 × 10
3
A0.850
f
2.61+0.45
−0.47 × 10
3
A1.1&1.25
f
3.04+0.44
−0.50 × 10
4
A1.6
f
2.73+1.37
−0.39 × 10
4
A3.6
f
6.19+1.09
−1.30
C0.606
ℓ,shot
[(nW/m)2sr−1] 3.21+0.17
−0.21 × 10
−12
C0.775
ℓ,shot
[(nW/m)2sr−1] 4.75+0.31
−0.50 × 10
−12
C0.850
ℓ,shot
[(nW/m)2sr−1] 8.32+0.24
−1.26 × 10
−12
C1.25
ℓ,shot
[(nW/m)2sr−1] 6.88+0.34
−0.24 × 10
−11
C1.6
ℓ,shot
[(nW/m)2sr−1] 7.49+0.15
−0.16 × 10
−11
C3.6
ℓ,shot
[(nW/m)2sr−1] 11.09+0.16
−0.18 × 10
−11
χ2min 372.6
χ2
red
(χ2
min
/dof) 3.2
and high-z galaxy power spectra at 3.6 µm, respectively. The best-fit values and 1-σ errors of the free parameters are
shown in Table 2. We find that the fitting results of the free parameters are similar to the results from HST+CIBER
data discussed in the main paper (second column of Table 1). Although the best-fits of m0 and α are different for
HST+CIBER and HST+CIBER+Spitzer, the derived mean axion mass m¯a are consistent in 1-σ confidence level.
We also find that the reduced χ2 is 3.2, which is comparable with the result of HST+CIBER case shown in Table
1. While the model gives overall good fits for the HST and CIBER data, we find issues with the model fit to Spitzer
fluctuations around ℓ = 3× 103. The power spectrum of axion decay at 3.6 µm is relatively small. Hence, we interpret
this result to imply that the axion decay alone cannot explain all of the near-infrared intensity fluctuations and other
sources, such as IHL (Cooray et al. 2012b) and DCBHs (Yue et al. 2013), are probably needed. However, since the
reduced χ2 of HST+CIBER+Spitzer is comparable to that for HST+CIBER, the axion model still has the potential
to fit the data of all bands. We will try to improve this model and explore the possibilities in the future work.
